Introduction
[2] The intensification of Northern Hemisphere glaciation (NHG)~2.7 Ma resulted in a wide array of changes in regions both proximal to and far afield from Northern Hemisphere ice sheets [Haug et al., 1999; Jansen et al., 2000; Shackleton et al., 1984; Sigman et al., 2004] , including an abrupt decline in the sedimentary accumulation of diatom-derived biogenic opal in both the subarctic North Pacific and in the Antarctic Zone of the Southern Ocean at~2.7 Ma [Haug et al., 1999; Sigman et al., 2004] (Figures 1a and 1j ). These dramatic reductions in opal accumulation imply important changes in high latitude upper-ocean circulation in association with the intensification of NHG. Nitrogen isotope evidence for a decrease in surface nitrate concentration in association with the North Pacific opal "crash" suggests a reduction in nitrate supply, such as would occur if circulation and water column conditions changed so as to reduce the exchange of water between surface waters and the ocean interior [Haug et al., 1999 Studer et al., 2012] . Benthic carbon isotope data from the Southern Ocean indicate that southern sourced waters accumulated respiratory carbon at that time, consistent with reduced Antarctic deep water formation [Hodell and Venz-Curtis, 2006] . A range of physical causes has been proposed to explain these polar ocean changes [Hillenbrand and Cortese, 2006; Sigman et al., 2004; Toggweiler et al., 2006] . Yet it has proven difficult to test these potential explanations.
[3] Bolton et al. [2011] reported evidence that the North Atlantic underwent changes in productivity during NHG that were reminiscent of, and had a similar timing to, productivity changes in the North Pacific and Southern Ocean. Moreover, the observed high-latitude productivity shifts were similar in timing, but opposite in sign, to productivity shifts observed in low-to middle-latitude regions [Bolton et al., 2011] . Accordingly, it was argued that the observed increases in middle-to low-latitude productivity may have been tied to a shoaling of the tropical thermocline as well as physical changes in high southern latitudes that could have increased the nutrient content of sub-Antarctic mode water [Bolton et al., 2011] , which supplies the waters upwelled in these regions [Sarmiento et al., 2004] . Changes in high southern latitudes were attributed to increased sea ice cover, stronger water column stratification and/or a change in the position of the Southern Hemisphere westerly winds. Increased stratification via the transient development of a halocline was offered as the most plausible explanation for the productivity decline observed in the North Atlantic [Bolton et al., 2011] .
[4] Here we report new paleoproductivity data from a meridional transect of sites in the Atlantic Ocean, which help to discriminate among the various hypotheses previously put forth to explain declines in high-latitude export productivity. The data imply that a southward migration of the westerlies in response to global cooling during the period of early NHG, with its attendant effects on the density stratification of the upper ocean, was the dominant driver of the observed declines in high-latitude North Atlantic productivity. While the evidence is less compelling than in the North Atlantic, previously reported productivity changes in other high-latitude regions [Haug et al., 1999; Sigman et al., 2004] , the Southern Ocean in particular, may also have been driven by the equatorward migration of the westerly wind-driven upwelling. We offer a conceptual model that links these high-latitude physical and biogeochemical changes to similarly timed increases in productivity observed in middle-to low-latitude regions. We also offer a proposal as to how the equatorward migration of winds might give rise to the apparent contrast between Southern Ocean and North Atlantic changes in deep water formation over the Plio-Pleistocene.
Materials and Methods

Proxy Background
[5] We report new proxy records of Plio-Pleistocene ocean productivity based on alkenone concentration data from a transect of Ocean Drilling Program (ODP) sites in the North Atlantic Ocean (sites 907, 607, 662, and 1090) ranging from 69°N to 43°S (Table 1 and Figures 1d, 1f-1h ). For new productivity data sets reported here, we used an internal Figure 1 . Plio-Pleistocene export productivity synthesis. Locations of sites associated with biogenic opal mass accumulation rate (MAR) (g/cm 2 /kyr) or C 37 alkenone MAR (μg/cm 2 /kyr) data shown here. Alkenone data are from sites 907, 607, 662, (this study, highlight by bolded borders), 1090 (this study and [Martinez-Garcia et al., 2009] , highlighted by bold borders), 846 [Lawrence et al., 2006] , 982 , and 1012 [Liu et al., 2008] . Opal data are from sites 882 [Haug et al., 1999] , 1091 [Cortese et al., 2004] and 1096 [Sigman et al., 2004] . Site locations are superimposed on a map of modern wind velocities and directions extracted from [Zhang et al., 2006a [Zhang et al., , 2006b . reference standard to estimate the total concentration of C 37 alkenones (mass/grams dry sediment) in each sample. Replicate extractions of a laboratory standard indicate an analytical error of ≤ 10% for these estimates. We calculated mass accumulation rates of alkenones (Alkenone MAR) (μg cm À2 kyr À1 ) using C 37 alkenone concentration data (μg g À1 ), sedimentation rates (cm kyr À1 ), and shipboard estimates of dry bulk density (g cm
À3
). The broad patterns of productivity change reported here are maintained when records are displayed as MAR and concentration data (See representative examples Figures S1 and S2 in the supporting information). Previous work indicates strong correlation between alkenone MAR and other indices of past production [Budziak et al., 2000; Rostek et al., 1997; Villanueva et al., 1997 Villanueva et al., , 1998 ]. Here we treat both biogenic opal and alkenone MAR (Figure 1 ) as proxies for export productivity. Comparison of these proxies at sites where companion records exist ( Figures S1a and S2 ) as well as previous interproxy comparison studies [Bolton et al., 2010 [Bolton et al., , 2011 indicate that these indices are consistent and reasonable estimates of export productivity.
Age Models
[6] Age models for previously published productivity data sets (sites 846, 882, 982, 1012, 1090, 1091, and 1096) are presented as reported in the initial publications of these data (Table 1) . Age models for new data sets reported here (sites 607, 662, 907, and 1090) are all based on site-specific oxygen isotope stratigraphy Lawrence et al., 2010; Martinez-Garcia et al., 2009 , with the exception of ODP site 907, whose age model is primarily based on magnetostratigraphy [Jansen et al., 2000] (Table 1) . Oxygen isotope stratigraphy for the sites we present novel data from is based upon correlations to the LR04 benthic oxygen isotope stack [Lisiecki and Raymo, 2005] . Note that productivity data for site 1090 from 0 to 1.1 Ma were previously published [Martinez-Garcia et al., 2009] . The novel data from site 1090 reported here are those from before 1.1 Ma (Figure 1h ).
[7] Despite age model uncertainties at site 907 that are due to the reliance of this age model solely on magnetostratigraphy, the difference in timing of productivity crashes at North Atlantic sites 907 and 982 is a robust result. The location of the Matuyama/Gauss (M/G) magnetic reversal (2.58 Ma) in cores at ODP sites 907 and 982 confirms that the North Atlantic productivity crash was time transgressive, occurring first at the more northerly site 907. The productivity crash at site 907 occurs at~65 m (meters composite depth (mcd)), >5 m below the M/G reversal boundary, whereas the productivity crash at site 982 occurs at~52 m (mcd), >5 m above the M/G reversal boundary [Shipboard Scientific Party, 1996a , 1996b .
Spectral Analysis
[8] Spectral analysis was performed using the Arand software package [Howell, 2001] . All time series were resampled to an even spacing of 2 kyr before spectral analysis. Simple spectra were computed using the Spectra program using a full linear detrend, and the autocovariance function with a 0.0044 bandwidth, 600 kyr window, and 50% lags. Evolutionary phases were computed using the Crospec program applying a full linear detrend with a 0.0044 bandwidth, 600 kyr window, 50% lags, and a sample increment of 50. Phases are reported for intervals that are coherent at the 95% confidence level. We use spectral analysis here to demonstrate that the primary variance in these time series is at orbital frequencies and that the timing of the observed productivity changes, particularly in the dominant frequency band, is similar among the sites we compare. A more complete treatment of the orbital variations in paleoproductivity identified here and the relationship of these variations to other climate variables will be explored in a separate publication.
Results
[9] We briefly highlight key features of the data sets reported for the first time here. The high-latitude North Atlantic productivity record at ODP site 907 reveals an abrupt decline in export production at~3.3 Ma (Figure 1d ). In contrast, the middle-to low-latitude productivity data from Atlantic sites 607, 662, and 1090 (Figures 1f-1h) show extremely low productivity during the Pliocene followed by an abrupt rise in orbitally paced productivity peaks starting at 2.7 Ma for sites 607 and 662 (Figures 1f, 1g , and 2a), while productivity pulses begin at site 1090 at 1.25 Ma (Figures 1h  and 2b ). These middle-to low-latitude records (sites 607, 662, and 1090) demonstrate remarkable structural and spectra similarities (Figure 2 ). Cross spectral analysis reveals that site 607 and 662 productivity records are highly coherent (0.94) (95% confidence level) and essentially in phase (0.8 kyr ± 2) at the dominant 41 k beat just after productivity increases dramatically at both sites (window midtime 2300 ka). Sites 607 and 1090 productivity records are highly coherent at the 100 k (0.99) and 41 k (0.95) orbital beats (95% confidence level) during the latest Pleistocene (window midtime 400 ka). In the 41 k band, these productivity records are also in phase within error (1.5 kyr ± 2), whereas in the 100 k band, site 1090 productivity significantly leads site 607 productivity (18 kyr ± 8).
Discussion
High Latitude Productivity Changes
[10] The high-latitude productivity records in the Northern Hemisphere (sites 907 and 982) [this study ; Bolton et al., 2011] reveal abrupt Plio-Pleistocene declines in high-latitude North Atlantic productivity analogous to those observed previously in the subarctic North Pacific (site 882) and Antarctic (site 1096) [Haug et al., 1999; Sigman et al., 2004] (Figures 1a, 1d , 1e, 1j). However, the productivity crashes in the North Atlantic were time transgressive, occurring first at Site 907 (69°N) in the Greenland Sea at 3.3 Ma and~800 kyr later at~2.5 Ma at more southerly Site 982 (58°N) (Figures 1d and 1e ). As noted by Bolton et al. [2011] , the productivity declines evident in both the subarctic North Pacific [Haug et al., 1999] (Figure 1a) , and North Atlantic (Figures 1d and 1e ) coincide with local increases in magnetic susceptibility, a proxy for ice-rafted debris (IRD) (Figure 3a ) and IRD concentrations ( Figure S1b ). Site 607 (41°N), at the southern margin of the modern westerly wind belt, shows the inverse pattern, with low productivity during the early Pliocene and high productivity after 2.7 Ma (Figure 1f ). While age model uncertainty is a consideration, opal records from a number of high-latitude sites in the Southern Hemisphere suggest that Southern Ocean changes in productivity roughly mimicked the pattern of progressive equatorward movement of productivity declines observed in the North Atlantic [Cortese et al., 2004; Hillenbrand and Cortese, 2006] .
[11] The similarity between the Pliocene productivity declines observed in the North Atlantic and those from other high-latitude regions in both hemispheres implies a common causal mechanism. Here we make use of the unique features of North Atlantic climate to evaluate the plausibility of each of the mechanisms previously proposed to explain PlioPleistocene decreases in high-latitude export productivity. Light limitation driven by ice cover was among the earliest hypotheses for the observed decline in Antarctic productivity since the early Pliocene [Hillenbrand and Cortese, 2006] . However, North Atlantic alkenone data indicate temperatures of >8°C (Figure 3b ) , well above those required for sea ice to have been abundant during the spring-to-summer period of high productivity [Pflaumann et al., 2003] . Thus, these high-latitude, North Atlantic data argue instead for a decline in the rate of nutrient supply to polar surface waters as a cause for the observed high-latitude productivity decreases. This conclusion is consistent with previous evidence pointing to reduced nutrient supply as the driver of cooling-related productivity declines in the North Pacific [Brunelle et al., 2007; Haug et al., 1999; Jaccard et al., 2005; Studer et al., 2012] and the Antarctic [Francois et al., 1997; Robinson and Sigman, 2008] .
[12] The North Atlantic data also provide constraints on the mechanism behind the decrease in nutrient supply. One proposal to explain a decrease in nutrient supply in the Southern Ocean involves the lower sensitivity of density to temperature at low temperatures, referred to here as the "equation of state" (or "EOS") mechanism [de Boer et al., 2007; Sigman et al., 2004] . In polar regions, wintertime temperatures are lowest at the surface, encouraging vertical mixing and, in extreme cases, deep water formation; however, the low salinity of polar surface waters works against temperature driven overturning. In the EOS mechanism, global , and (c) alkenone mass accumulation rates (MAR) (ug/cm 2 /kyr) (green) [Bolton et al., 2011] . The end of a pronounced cooling step between 3.5 and 2.5 Ma, coincides with a dramatic decrease in productivity at Site 982 and a dramatic increase in ice-rafted debris (IRD).
ocean cooling reduces the effect of temperature on polar ocean density structure, giving the freshness of polar surface waters the upper hand to strengthen density stratification, which discourages vertical mixing and thus reduces nutrient supply to the sunlit surface. However, warm temperatures at North Atlantic site 982 (Figure 3 ) are problematic for the EOS mechanism. The productivity decline at site 982 occurs at a broadly similar time as in the Antarctic and North Pacific (Figures 1a, 1e, and 1j) , and yet the North Atlantic was much warmer than those other two regions at that time, both at the surface (Figure 3 ) and at depth [Sosdian and Rosenthal, 2009 ]. It appears arbitrary to call upon a more or less coincident EOSdriven increase in upper ocean stratification in regions with such different temperature profiles. Furthermore, North Atlantic δ 13 C data from a variety of sites show that North Atlantic overturning persisted in some regions across the Plio-Pleistocene climate transition [Hodell and Venz-Curtis, 2006; Raymo et al., 1992] , indicating that the North Atlantic productivity decline does not represent a North Atlantic-wide end to deep overturning. Therefore, while our data do not preclude a role for the EOS mechanism in reducing Antarctic and North Pacific productivity after~2.7 Ma, this mechanism now appears poorly suited to provide a blanket explanation for all of the observed highlatitude productivity declines.
A North Atlantic Westerly Wind Shift
[13] A progressive equatorward migration of North Atlantic climate belts during the late Pliocene has been previously documented by a number of faunal assemblage studies [Cifelli and Glacon, 1979; Dowsett et al., 1996; Lutz, 2011; Thunell and Belyea, 1982] . While the zonal mean position of the westerlies is within the midlatitudes, the zonal belt influenced by westerly wind stress is spread across a wider range of latitudes and in the modern lies just equatorward of the most poleward sites included in this synthesis (Figure 1) . Thus, we argue that an equatorward shift in the westerlies is the most plausible driver of the time-transgressive Plio-Pleistocene productivity changes observed in the North Atlantic.
[14] Given the smooth nature of spatial gradients in mean atmospheric conditions, Ekman upwelling does not have sharp boundaries, especially at its more polar limit. Thus, Ekman upwelling changes alone may not fully explain the abrupt and dramatic nature of the productivity declines observed in the North Atlantic and elsewhere. Changes in Ekman upwelling also affect the nutrient supply through a feedback on the depth of wintertime mixing. Model studies of wind changes show this dynamic: As local Ekman overturning declines in a given region, the halocline that naturally develops in polar regions due to excess precipitation is no longer so strongly eroded by upwelling from below, and the stronger halocline in turn reduces the depth of winter mixing [de Boer et al., 2008] . Thus, we propose that the North Atlantic halocline migrated equatorward over the Plio-Pleistocene, shadowing the poleward edge of the westerlies and causing further reductions in nutrient supply and productivity as the wind migrated out of the region of interest. This proposal is supported by the coincidence of the productivity declines at Sites 907 and 982 with sharp rises in ice rafted debris (Figures 3 and S1b) . With a stronger halocline and less vertical mixing, the winter surface layer would have been far more conducive to the survival of drifting sea ice and debris-bearing ice bergs. In this view, the westerly winds drove local climatic and oceanographic changes, with upper ocean density stratification responding to the wind changes. In turn, the strong meridional gradient in atmospheric temperature that would have coincided with the transition into more strongly stratified polar waters may have fed back positively on the equatorward wind shift.
[15] A Northern Hemisphere wind shift is further supported by the relationship between orbitally paced variations in sea surface temperature (SST) and productivity at site 982 before and after its~2.5 Ma productivity crash (Figure 4) . Prior to 2.5 Ma, SSTs were generally warm, and productivity increased in synchrony with shifts toward colder temperatures (glacial conditions) (Figure 4a ). In this pre-2.5 Ma regime, we infer that during interglacial times, the core of the westerly winds and Ekman driven surface divergence were slightly north of Site 982. During glacial intervals within this time period, southward migration of the westerly winds brought the zone of strongest Ekman upwelling directly overhead, yielding local productivity maxima. In contrast, after the productivity crash at~2.5 Ma, the infrequent productivity maxima tended to occur not during peak glacial conditions but rather during deglacial and interglacial intervals (Figure 4b ). This change in the productivity-SST relationship suggests that equatorward migration of the westerlies driven by progressive high-latitude cooling (Figure 3 ) eventually pushed the zone of greatest surface divergence south of Site 982, inhibiting nutrient availability in the surface ocean and leading to the extremely low productivity that characterizes most of this interval (Figures 1e and 4b) . The infrequent but notable deglacial increases in productivity observed during this postcrash regime (Figure 4b ) are then explained as times when the westerly wind belt and the zone of upwelling were shifted back northward toward and occasionally past Site 982.
A Bihemispheric Shift in the Westerly Winds?
[16] A prominent hypothesis to drive reduced surface-deep water exchange in the Antarctic of the Last Glacial Maximum involves an equatorward migration of the Southern Hemisphere westerly winds [Toggweiler et al., 2006] . The southern westerlies transport polar surface waters equatorward, forming a divergence that draws up deep water into the Antarctic surface layer. According to this hypothesis, if the southern westerly wind belt moved equatorward, it would have begun to move out of the uninterrupted channel of the Southern Ocean, and the surface waters transported northward out of the Antarctic could begin to be replaced by surface waters moving poleward along continental margins, reducing the upwelling of deep water. In addition, the winds may have weakened because of contact with the continents decreasing the upwelling rate. As described above for the North Atlantic, an equatorward shift and/or weakening of the southern westerly winds would have weakened the upwelling of deep water into the Antarctic surface, allowing the Antarctic halocline to strengthen [de Boer et al., 2008] . This would have reduced the supply of nutrients to the Antarctic surface and weakened the potential for deep water formation in the Southern Ocean.
[17] Late Pliocene changes in the Southern Ocean productivity records do not, as yet, clearly reveal the time-transgressive pattern recognized in the North Atlantic, but the anticorrelated behavior of polar and subpolar records is apparent, with productivity falling in the Antarctic roughly as it rose in the Subantarctic (Figure 1 ). Given these observations, we suggest that a bihemispheric equatorward shift in the westerly winds may account for the similar productivity declines observed in northern and southern high latitude regions. The impact of westerly wind shifts on the locus of Ekman divergence provides a simple mechanism for causing similar productivity shifts in high-latitude regions that share little else in common without the requirement that water columns in all of these regions converge toward a similar set of physical conditions at roughly the same time. Additionally, this mechanism is in keeping with the cooling that occurred in high latitudes of both hemispheres during the intensification of NHG. While there is currently much interest in the capacity of eddy transport to weaken the response of upwelling to changes in the westerly winds [e.g., Marshall and Speer, 2012] , there is little doubt that the latitude of Ekman upwelling is set by that of the westerly winds, and it is a shift in latitude that is the focus of our proposal.
Connection to Low-Latitude Productivity
[18] Published productivity data sets from middle-to lowlatitude regions in the Pacific and Atlantic basins [Cortese et al., 2004; Dekens et al., 2007; Lawrence et al., 2006; Liu et al., 2008; Marlow et al., 2000] as well as new records reported here from the Atlantic basin (Sites 607 at 41°N, 662 at 1°S) show a pattern inverse to that observed at high latitudes, with marked increases in productivity occurring in association with NHG (e.g., Figures 1b, 1c, 1f, and 1g) . Previous studies link low-latitude productivity changes observed in the Pacific to changes in the nutrient content of high-latitude source waters rather than local changes in wind strength because secular changes in productivity and temperature in these regions are decoupled from each other, an observation that is incongruous with a local wind-field mechanism [Dekens et al., 2007; Lawrence et al., 2006] . While a progressive equatorward migration of the Northern [Bolton et al., 2011] from ODP site 982 (58°N, 16°W) for: (a) preproductivity crash regime (4 to 2.5 Ma) and (b) postproductivity crash regime (1.5 to 0 Ma). Note the axis is inverted for the C 37 alkenone MAR data.
Hemisphere westerly winds could have enhanced nutrient supply to midlatitude Site 607 by wind-driven Ekman divergence, this mechanism does not apply to Site 662 on the equator. Yet the synchronicity (0.8 kyr ± 2 kyr, essentially in phase in the dominant 41 kyr band) and structural similarity of productivity changes at 607 and 662 suggest a common driver operating in the Atlantic (Figure 2 ). In addition, the productivity increases at sites 607, 662 (Figures 1f and 1g) , and U1313 (41°N, 33°W) [Naafs et al., 2010] coincide with the sharp productivity decline in the Antarctic at 2.7 Ma (Site 1096) (Figure 1j ) and a deep Southern Ocean δ 13 C decline interpreted to indicate reduced Antarctic deep water formation at that time [Hodell and Venz-Curtis, 2006] . Thus, we seek an explanation for pattern observed in these middle-to low-latitude Atlantic productivity records that also involves changes in the Southern Hemisphere.
[19] The nutrient content of the middepth ocean is controlled to a substantial degree by the nutrient concentrations of Subantarctic and Antarctic Polar Frontal surface waters [Sarmiento et al., 2004] . An equatorward shift in the Southern Hemisphere westerly winds has been proposed to reduce upwelling in the Antarctic and, in turn, Antarctic deep water formation [Hodell and Venz-Curtis, 2006] . Such a shift would also likely shift the zone of maximum upwelling equatorward, enhancing Subantarctic productivity while shifting equatorward the surface outcrops of isopycnals and their associated nutrient concentrations. This equatorward shift would yield a basin-wide shoaling of the low-latitude thermocline and a corresponding shoaling of the nutricline ( Figure 5 ). With a shallower nutricline, augmented productivity is to be expected in tropical upwelling zones and at the poleward margin of the North Atlantic gyre ( Figure 5 ). The early response of productivity at sites in the Pacific upwelling regions (e.g., Sites 846 and 1012 at~3 Ma) relative to the Atlantic (e.g., Sites 607 and 662 at 2.7 Ma) (Figure 1 ) might be attributable to their connection to deeper isopycnals that are plumbed from higher-latitude surface water in the Southern Ocean, which would have been impacted earlier by a changing Southern Hemisphere wind and nutrient regime.
[20] Our baseline interpretation of the productivity increases at sites 607 and 662 is that the shoaling of the thermocline and contraction of the Atlantic warm pool resulted in nutrient-rich waters at a shallower depth in the water column ( Figure 5 ). Climatically appropriate conditions, as introduced by extrema in the orbital cycles, could then import these nutrients into the low-and middle-latitude mixed layer, driving the productivity pulses (e.g., Figures S3a and  S4) . In this context, the abrupt onset of these productivity pulses and their lag relative the decline in temperature at these low-and middle-latitude sites might be attributed to the observation from the modern ocean that the nutricline is sharper and deeper than the thermocline. However, one challenge to this interpretation is the synchronous timing of the productivity increases at 662 and 607 (2.7 Ma), which would seem to require that the critical threshold for the outcropping of the nutricline in the surface ocean was reached at both of these sites at exactly the same time.
[21] A potential alternative explanation for the lag between the onset of declining SSTs and of productivity increases, for the coincident initiation of productivity pulses at 662 and 607, and for the greater proportional changes in productivity than in SST on glacial-interglacial timescales at the 2.7 Ma transition is that the nutrient content of individual isopycnals increased as they shoaled [Lawrence et al., 2006] . For this to occur, Ekman overturning must transfer more nutrients equatorward than previously, increasing the ratio of equatorward nutrient transport to nutrient uptake by phytoplankton. This might have occurred if the westerly winds strengthened as they migrated equatorward [Rea et al., 1998 ].
[22] If the shoaling and equatorward contraction of the nutrient-poor warm pool explains the increases in productivity at sites 662 (1°S) and 607 (41°N) at~2.7 Ma (Figures 1f and  1g) , then nutrient supply and productivity would also be expected to rise in the subpolar Southern Ocean at about this time. At site 1091 (47°S), the first rise in productivity indeed occurs at~2.7 Ma (Figure 1i ). However, further equatorward at site 1090 (43°S), productivity does not rise until 1.25 Ma (Figure 1h ). While sites 607 and 1090 have similar mixed layer densities today, Site 607 may tap significantly deeper isopycnals during ice ages, when the North Atlantic experienced particularly marked cooling ( Figure S3a) .
[23] Alternatively, the late rise in site 1090 productivity may be related to iron limitation, which plays a key role in producing the high-nutrient, low-chlorophyll conditions of the modern day Southern Ocean [Blain et al., 2007] . A reconstruction of Southern Ocean dust-borne iron deposition over the past 4 Ma from ODP site 1090 indicates that aeolian iron supply to the Southern Ocean increased most dramatically around 1.25 Ma [Martinez-Garcia et al., 2011] , coinciding with the sharp increase in export production at this site (Figure 1h ). The productivity increase occurs somewhat later than %C 37:4 alkenone (a tracer for the presence of polar waters) rises at ODP site 1090, the latter marking the connection of polar surface waters to Subantarctic surface waters at this time [Martinez-Garcia et al., 2010] . These observations suggest that factors beyond circulation and climate may be important for the productivity history of this region. Since site 1090 (at 43°S) is well equatorward of the modern latitudes of Ekman upwelling, it must rely more strongly on dust-driven iron supply (as opposed to upwelled iron) than sites further south (such as site 1091 at 47°S). Therefore, the lateness of the productivity rise at site 1090 may have been due to iron limitation until the dust flux increase at 1.25 Ma [Martinez-Garcia et al., 2011] .
Synchronous Orbital Cycles in Subpolar and Equatorial Productivity
[24] Once a new high productivity regime was established in middle-to low-latitude regions in the late Pliocene to earliest Pleistocene, productivity variations occurred at orbital periodicities (Figures 2c and 2d) . The strength and coherence of the orbitally driven variations and the synchrony of both the onset of a higher productivity regime and the establishment of a dominant 41 k orbital beat between mid latitude North Atlantic (i.e., Site 607) and tropical Atlantic (i.e., Site 662) paleoproductivity records are remarkable. However, the relationship of these orbitally driven cycles to the secular changes described above is not yet clear. As with the long-term trends, the orbital cycles in productivity may be driven by global cooling, westerly wind shifts in both hemispheres, and the associated contraction of the warm pool, which altered the depth of the nutricline underlying sites 662 and 607. This possibility is consistent with the tight coupling of SST and productivity at site 607 over orbital cycles ( Figure S3 ). However, other processes may be at work at individual sites, synchronized by changing global climate. For example, glacial strengthening of the trade winds may have played a role in the productivity maxima at site 662, while glacial increases in dust delivery likely enhanced productivity at Subantarctic site 1090 [Martinez-Garcia et al., 2011] . The synchrony among records calls upon a process for "globalizing" the climate changes associated with orbital cycles. Atmospheric CO 2 is a likely globalizer , and the southern component of the bihemispheric westerly wind contraction may be central in its orbital variation [Toggweiler et al., 2006] . Thus, the wind shift changes described here may be both a consequence and a cause of orbital and secular climate change; indeed, by this description, they would be a central positive feedback behind Plio-Pleistocene climate change.
Conceptual Model
[25] To account for the existing Plio-Pleistocene paleoproductivity observations, we propose the following conceptual model. In the early Pliocene (>3.3 Ma), weaker meridional temperature gradients and a more poleward position of wind belts [Brierley et al., 2009] resulted in the exposure of nutrient-rich deep water in high latitude regions of both hemispheres (Figure 5a ). High productivity in these regions contrasts with low-productivity in middle-to low-latitude regions imposed by an expanded warm pool [Brierley et al., 2009] and a deep nutricline. High-latitude cooling during the late Pliocene Martinez-Garcia et al., 2010] resulted in an equatorward shift of the westerly wind belts in both hemispheres, changing the locus of Ekman divergence and thus the upwelling of deep, nutrient-rich waters into the surface ocean ( Figure 5 ). The progressive movement of the westerlies away from the poles gave rise to time-transgressive high-latitude productivity crashes in both hemispheres as reduced local Ekman divergence and a resulting increase in density stratification inhibited the mixing of nutrients into the surface ocean in these regions (Figure 5b ). The equatorward migration of Ekman divergence not only increased productivity in subpolar regions, but also shoaled the tropical thermocline and nutricline (Figure 5b ). The progressive contraction of the warm pool and shoaling of the thermocline and nutricline during the Plio-Pleistocene [Brierley et al., 2009; MartinezGarcia et al., 2010] (Figures 5b and 5c ) gave rise to the increases in productivity observed in lower-latitude regions (Figure 1b, 1c, and 1f-1h ).
Implications for Deep Water Formation
[26] Because of the importance of global deep water formation for high-latitude climate and atmospheric CO 2 , there is an ongoing effort to reconstruct North Atlantic and Southern Ocean ventilation of the ocean interior since the Pliocene. The available data indicate that North Atlantic Deep Water formation was vigorous in the warm mid-Pliocene and did not clearly weaken or strengthen in association with the intensification of Northern Hemisphere glaciation at~2.7 Ma [Haug and Tiedemann, 1998 ]. In contrast, deep ocean δ 13 C data have been interpreted to indicate a sharp reduction in Antarctic-sourced ventilation of the deep ocean at the 2.7 Ma transition [Hodell and Venz-Curtis, 2006] . In the context of a hemispherically symmetric ocean, a hemispherically symmetric equatorward migration of the westerlies and oceanographic fronts could not explain a North-South contrast in deep water formation changes. However, we speculate that such an equatorward migration, occurring in the context of the North Atlantic's unique basin configuration, may have contributed to different responses of North Atlantic and Southern Ocean deep ventilation to late Pliocene cooling.
[27] This proposal hinges on the effect of the polar halocline to discourage open ocean deep water formation. In the midPliocene, both northern and southern haloclines would have been restricted to the most polar latitudes (gray shading in Figure 6 ). Thus, surface waters at high latitudes could have reached relatively cool conditions while Ekman upwelling would have kept their haloclines relatively weak. Under these conditions, it would appear that deep water convection would have been possible in both the North Atlantic and the Southern Ocean (Figure 6a) .
[28] With the equatorward migration of the Ekman upwelling regions, the polar haloclines expanded in both hemispheres (gray regions in Figure 6b ). We suggest that this change introduced an impediment to Southern Ocean deep water [Antonov et al., 2010] . Areas shaded gray indicate regions where the water column is saltier at 400-500 meters than at the surface (0-100 m) (i.e., a halocline exists) and areas shaded white indicate regions where the water column is saltier at the surface. Modern and inferred past deepwater formation sites are indicated by Xs, red for warm climate intervals (Pliocene and interglacials of the Pleistocene) and blue for glacial intervals of the Pleistocene.
formation that did not apply to North Atlantic deep water formation. The polar halocline, which works against temperature to stabilize the water column, is adequate to prevent open ocean convection in the modern Southern Ocean and (we infer) previous interglacials since~2.5 Ma, relegating deep water formation to discrete shelf environments (red Xs in Figure 6b ). During recent glacials, even this coastal deep water formation may have been lost (Figure 6b ). In the North Atlantic, however, the western continental boundary and zonally thin basin geometry allow the modern North Atlantic Current to pierce the northern polar halocline, carrying salty surface waters into the Greenland and Norwegian Seas, where subsequent cooling allows a salty version of deep water to form (Figure 6b ). During the last ice age, even with an apparent equatorward advance in fresh surface waters [de Vernal et al., 2002; Duplessy et al., 1991] the North Atlantic Current was still able to reach into the region and drive Glacial North Atlantic Intermediate Water formation. Thus, while Antarctic deep water formation may have been inhibited or prevented by the extent of the polar halocline over the Plio-Pleistocene, North Atlantic overturning was likely insensitive to this effect, responding simply by moving deep water formation equatorward as cooling proceeded.
[29] We do not argue that this North/South bias is a full explanation for the decline in Antarctic deep water formation at the 2.7 Ma transition [Hodell and Venz-Curtis, 2006] . We have assumed above that the westerlies migration over the Pliocene occurred in response to climate cooling. This implies that Pliocene ocean surface regions that were equatorward of the polar haloclines were also warmer than they were after equatorward migration of the westerlies. Given the relatively weak warming of the tropics during the Pliocene [Fedorov et al., 2013] this implies that the halocline-free subpolar regions of the mid-Pliocene would have had SSTs that were more similar to tropical SST during this time. Thus, the lack of a halocline would have been at least partly offset by a relatively higher SST in determining whether deep water could form in the subpolar to polar Southern Ocean during the mid-Pliocene.
[30] Rather, the point we wish to emphasize is that the geometry of the North Atlantic basin may have helped to maintain deep water formation under various climate states, and this may be fundamental to interbasin differences in Plio-Pleistocene deep water formation changes. North Atlantic-sourced deep water has a low preformed nutrient content, such that greater proportional ventilation of the ocean by the North Atlantic translates to a stronger global ocean biological pump and thus lower atmospheric CO 2 [Hain et al., 2011; Marinov et al., 2008; Sigman et al., 2010] . Therefore, the maintenance of North Atlantic deep water formation in the face of reduced Southern Ocean ventilation of the deep ocean may help to explain the apparent Plio-Pleistocene CO 2 decline [Seki et al., 2010] .
